In line with the frontal hypothesis of aging, the ability to plan ahead undergoes substantial change during normal aging. Although impairments on the Tower of London planning task were reported earlier, associations between age-related declines and specific cognitive demands on planning have not been studied. Here we investigated the impact of search depth and goal ambiguity on planning, which impose demands on the depth and breadth of look-ahead processes, respectively. Besides an overall age-related decline in planning accuracy of 106 healthy older adults, differential search depth effects were found: Whereas planning accuracy of subjects in the early 60s was not affected by variations in search depth, between the ages of 65 and 76 years, accuracy was significantly decreased for high versus low levels of search depth. For subjects older than 76, different search depth levels did not further impact on accuracy, which was lowest overall. This nonlinear pattern may reflect differential impairments in fluid abilities and working memory capacity across various stages of older age. As no age-related effects of goal ambiguity were found, normal aging seems to be specifically sensitive to planning demands on the depth but not the breadth of anticipatory search processes. Hence, cognitive functions subserved by the prefrontal cortex experience differential development over the course of normal aging.
al., 1998; Zook, Welsh, & Ewing, 2006) . Furthermore, older adults have been found to need more time in the planning phase prior to movement execution (Andrés & Van der Linden, 2000; Phillips, Smith, & Gilhooly, 2002; Robbins et al., 1998 ; also see Phillips et al., 2005) .
Extant evidence on age-related planning impairments is based on the most common definition of problem difficulty in terms of the number of moves minimally needed for solution (Owen, Downes, Sahakian, & Polkey, 1990; Shallice, 1982) . However, numerous studies have demonstrated that this is too coarse a concept to capture the underlying cognitive processes and that other structural problem parameters also critically affect performance (e.g., Berg, Byrd, McNamara, & Case, 2010; Carder, Handley, & Perfect, 2004; Ward & Allport, 1997 ; see Kaller et al., 2011 , for a review). Structural problem parameters may even differentially affect planning performance in clinical and developmental populations (for examples, see Kaller, Rahm, Spreer, Mader, & Unterrainer, 2008; McKinlay et al., 2008; Rainville, Lepage, Gauthier, Kergoat, & Belleville, 2012) . Besides the minimum number of moves to an optimal solution, a problem's difficulty is substantially determined by its goal hierarchy and search depth (see Figure 1 ; cf. Kaller et al., 2011) . Goal hierarchy refers to the ambiguity with which the sequence of final moves is derivable from the mere configuration of the goal state (e.g., Berg et al., 2010; Kaller et al., 2004; Klahr & Robinson, 1981; Newman & Pittman, 2007; Ward & Allport, 1997) : If all balls are to be stacked on one peg, it is unambiguously deducible that the bottommost ball has to be placed into its goal position first, followed by the second-to-last and topmost ball, providing a hierarchy in terms of sequential ordering of the goal moves that have to be executed. In comparison, if balls are to be distributed in a "flat" configuration, that is, each ball on a different peg, the sequence of final moves is not inherently evident from the problem structure, and several alternative move sequences have to be considered and evaluated against each other. The search depth of a problem is another parameter known to affect problem complexity (e.g., Kaller et al., 2004 Kaller et al., , 2008 McKinlay et al., 2008) ; it refers to the number of intermediate moves 1 to be considered before execution of the first goal move (Spitz, Webster, & Borys, 1982) .
Variations of structural properties thus entail differential task demands in terms of cognitive processing: Greater search depths require that a longer series of intermediate moves leading to the first goal move be identified in consideration of move interdependencies, thereby invoking increased demands on the depth of anticipatory steps along the solution path (Köstering, McKinlay, Stahl, & Kaller, 2012) . Furthermore, greater search depths induce higher demands on maintenance processes in working memory because an individual has to hold a particular goal move in mind while devising the intermediate moves necessary to accomplish it (Spitz et al., 1982 ; also see Ward & Allport, 1997) . By contrast, rather than searching ahead a single move sequence and maintaining its steps in working memory, ambiguous goal hierarchies demand a flexible search across the breadth of the problem space among several alternative goal move sequences (Köstering et al., 2012) . That is, although sufficient working memory capacity is also needed to mentally represent alternative move sequences that arise from ambiguous goal hierarchies, the critical cognitive demand lies in a flexible changing of working memory representations (cognitive flexibility; cf. Cools, 2006 ) so as to identify the optimal sequential ordering of goal moves. Cognitive flexibility is supposed to rely on striatal functioning, whereas stable maintenance of working memory representations is subserved by the prefrontal cortex (Cools, 2006) , which is affected by normal aging to a much greater extent than the striatum (Hedden & Gabrieli, 2004; Raz & Kennedy, 2009 ). Hence, age differences can be expected to result primarily from varying demands on cognitive stability. This view is further supported by prior findings revealing that goal ambiguity-related planning impairments are associated with Parkinson's disease (PD), which is characterized by degeneration of the striatum, whereas search depth-related planning impairments are associated with lower dementia screening ratings in PD patients and controls alike (Köstering et al., 2012) .
The potential association between age-related decline in planning ability and specific task demands on the breadth versus depth of search processes has not been systematically studied, so that the specific nature of planning deficits in normal aging remains as yet unclear. Therefore, our rationale in the current study was to unravel the influence of these specific task demands on older adults' planning ability by delineating the specific contribution of variations in goal hierarchy and search depth to age-related differences in TOL performance. Prior evidence indicates that preschool children exhibit an age-related increase in the ability to deal with greater search depth of problems ; also see Spitz et al., 1982) , marking variations in the search depth of problems as a sensitive measure of the cognitive development of planning abilities. As normal aging is also known to affect working memory capacity (e.g., Bopp & Verhaeghen, 2005; Norman, Kemper, & Kynette, 1992; Zeintl & Kliegel, 2007) , older adults can be expected to be especially prone to increased demands on working memory maintenance through increased depth of search during planning with advancing age. Thus, mirroring the upward slope in children, the downward development of planning abilities in normal aging is expected to be especially associated with a decline in the ability to deal with increased cognitive demands on deeper look-ahead processes induced by greater search depths of problems, but not with a decline in the ability to deal with broader look-ahead processes induced by ambiguous goal hierarchies of problems.
Method Participants
Participants were recruited as part of a study at the University Medical Center Freiburg comprising the assessment of planning abilities with the Tower of London (TOL) planning task (Shallice, 1982) as well as additional behavioral testing and magnetic resonance (MR) imaging that were not of interest for the current analysis. The study protocol was approved by local ethics authorities. Recruitment was carried out throughout the city of Freiburg with the help of advertisements and information leaflets informing the city residents about the possibility to get feedback on a dementia screening test in addition to a monetary compensation of 25 1 Contrary to a goal move that places a ball into its goal position, an intermediate move does not place a ball into its goal position but is essential to problem solution nonetheless (Kaller et al., 2011) . This document is copyrighted by the American Psychological Association or one of its allied publishers.
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euro. To be eligible for participation, subjects had to be native German speakers and 60 years of age or older. Before subjects were tested, the presence of following exclusion criteria was checked over the phone using a medical history questionnaire: history of or current neurological disorder/cerebral event; current episode of psychiatric disorder; history of major psychiatric disorder (e.g., psychosis); current use of psychotropic medication; alcohol or drug abuse; insulin-dependent diabetes; color blindness; and major impairment of hearing or eyesight. Additionally, during behavioral testing, several control measures were administered: The dementia screening battery devised by the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) at the Duke University Center for the Study of Aging and Human Development (Morris et al., 1989) was used in its authorized German version (Memory Clinic Basel, 1997) to screen for dementia and related mild cognitive impairment (MCI). The CERAD includes an assessment of the Mini-Mental State Exam (MMSE; Folstein, Folstein, & McHugh, 1975) and has demonstrated superior validity compared with the MMSE alone in discriminating older adults with normal cognition from those with MCI (Chandler et al., 2005; Ehrensperger, Berres, Taylor, & Monsch, 2010; Seo et al., 2010 Lehrl, Merz, Burkhard, & Fischer, 1991) ; the Geriatric Depression Scale (GDS; Sheikh & Yesavage, 1986 ) and the Beck Depression Inventory (BDI-II; Beck, Steer, & Brown, 1995) were used to screen for current depressive symptoms. A short test on visual acuity established that participants' acuity was sufficient for performance of the computerized tasks. Furthermore, fluid-attenuated inversion recovery (FLAIR) and T1-weighted MR images of participants were inspected for incidental findings of neurological abnormalities or events. Following this procedure, 126 community-dwelling middleclass adults of European ethnic origin were included in the study. Written informed consent (including an option on whether they wanted to be informed about the results of their dementia screening) was obtained before behavioral testing, which lasted 2.5 hr on Figure 1 . Experimental design of the current study, illustrated for problems with a minimum number of five moves. In the Tower of London problems applied here, two predominant structural patterns are evident: (a) Search Depth denotes the number of intermediate moves to be considered before the first goal move. High demands on search depth require consideration of a longer series of intermediate moves and their interdependencies (cf. Kaller et al., 2011) . For example, for optimal solution of the problem shown in the top row, the white ball itself has to be moved from its goal peg to the middle peg, thereby enabling that in turn the gray ball can be removed from the goal position of the white ball, which only then can be placed into its goal position. That is, because two intermediate moves and their resulting consequences have to be anticipated before the first goal move, the solution path has to be searched ahead to a greater depth than, by contrast, for the problem shown in the bottom row. This only demands removing the obstacle presented by the gray ball before the white ball can be placed into its goal position, thus requiring mental anticipation of a shorter interdependent move sequence. (b) Goal Hierarchy refers to the ambiguity with which the sequential ordering of goal moves is deducible from the mere configuration of the goal state (cf. Kaller et al., 2011) . In problems with a tower configuration (see top row), the goal state alone unambiguously implies the goal move sequence in that the white ball has to be placed into its goal position first, followed by the black and the gray ball. By contrast, for problems with flat goal states (see bottom row), no sequential order of goal moves is deducible and several alternatives exist as to whether to first move the gray or the black or the white ball to their goal position. Therefore, rather than being able to readily select a single move sequence, a broad search among the entirety of alternative move sequences has to be conducted to identify the optimal sequential ordering of goal moves. Given that not all possible combinations of three different levels of goal hierarchy are existent for the two levels of search depth in the Tower of London problem space, the levels of goal hierarchy were hierarchically nested under the levels of Search Depth, resulting in the factor Goal Ambiguity, each featuring two levels with high and low demands (see also Köstering et al., 2012; McKinlay et al., 2008) . Circles around states denote problem states resulting from goal moves. This document is copyrighted by the American Psychological Association or one of its allied publishers.
average and during which breaks were taken as needed. A subset of 88 participants also completed MR imaging. Individualized written feedback on the CERAD dementia screening test was sent to participants via mail after completion of testing. Of the 126 participants, two subjects had to be excluded because of an incidental neurological finding. After inspection of control measures, another 16 subjects had to be excluded: Four participants' BDI-II score exceeded the threshold of 20 points. Furthermore, the CERAD screening of 12 participants was clinically indicative of MCI. Last, two participants were excluded after inspection of performance on the TOL during data preprocessing because their overall accuracy rate was below 5%, indicating that no meaningful data had been acquired. In sum, 20 subjects were excluded, leaving data of 106 subjects for statistical analysis.
Participants ranged in age from 60.73 to 89.45 years; 65 of the subjects were women (61.32%; see Table 1 ). The exact age was computed by dividing the number of days from date of birth to date of the behavioral testing session by 360. Subjects were then assigned to age groups based on the 20th, 40th, 60th, and 80th percentile of the sample age distribution so as to yield five groups of equal size: 60.73-65.83 years (Group 1; N ϭ 21), 65.84 -69.14 years (Group 2; N ϭ 22), 69.15-72.16 years (Group 3; N ϭ 21), 72.17-76.48 years (Group 4; N ϭ 21), and 76.49 years and older (Group 5; N ϭ 21). For comparison of cognitive status between age groups, the total CERAD score was computed as proposed by Chandler et al. (2005) : The scores on the subscales Verbal Fluency, Boston Naming Test, Word List Learning, Constructional Praxis, Word List Recall, and Word List Recognition Discriminability were summed and corrected for effects of age, education, and gender (assessed by linear regression with men as the reference group; cf. Chandler et al., 2005) by the following correction formula: total score ϩ .449 ‫ء‬ age -.536 ‫ء‬ years of education ϩ 4.536 ‫ء‬ sex. Age groups differed slightly in ratio of women to men; they did not differ from each other on any of the control measures (see Table 1 ). Analyses of variance (ANOVAs) between age groups on years of education, BDI-II and GDS scores, crystallized intelligence, and mental status assessed by the CERAD total score and the MMSE were all nonsignificant (highest F ϭ 1.433, lowest p ϭ .231).
Experimental Task and Paradigm
Planning was assessed with the original Shallice Tower of London task (TOL; i.e., three rods of unequal size and three balls; cf. Shallice, 1982 ) using a structurally balanced set of TOL problems (Kaller et al., 2011) which consisted of 24 trials of three-, four-, and five-move problems (eight trials each) presented in fixed order (for psychometric evaluations, see also Kaller, Unterrainer, & Stahl, 2012) . The structural problem parameters search depth and goal hierarchy were manipulated following McKinlay et al. (2008) : For each length of optimal solution path, the relative ambiguity of goal hierarchy was nested under the two respective levels of search depth, yielding the two experimental parameters search depth (SD) and goal ambiguity (GA), with two levels (low and high) each (see Figure 1 ; also see Kaller et al., 2011; Köstering et al., 2012) . The TOL was presented in a computerized version on a 12.1-in. touch-sensitive screen of an IBM ThinkPad ϫ41 Tablet laptop computer (IBM; Armonk, NY). At the beginning of the task, subjects were familiarized with the maneuvering of balls (in the primary colors of yellow, blue, and red) and orally instructed to transform the start state of each problem, presented in the bottom half of the screen, into matching the goal state, presented in the upper half of the screen, in the least number of moves possible while following the rules that (a) the tallest peg could accommodate three balls, the second tallest peg two balls, and the shortest peg only one ball; (b) only one ball at a time could be moved; (c) no ball could be placed outside the pegs; (d) only the topmost ball could be moved if several were stacked on one peg; and (e) they should always plan their moves in advance of starting to move any balls. The minimum number of moves to solution for each problem was presented throughout, and the presentation of each trial was limited to 1 min (cf. Shallice, 1982) . If the time limit was exceeded on three consecutive trials, the task was automatically aborted.
Data Analysis
Raw data of TOL performance were restructured and aggregated for each participant so as to perform a repeated-measures analysis of variance (RM ANOVA). The main dependent measure was planning accuracy, computed as the number of problems solved Note. EDU ϭ years of education; MWT-A ϭ Mehrfachwahl-Wortschatz-Intelligenztest (assessment of crystallized intelligence; Lehrl et al., 1991) ; BDI-II ϭ Beck Depression Inventory (Beck, Steer, & Brown, 1995) ; GDS ϭ Geriatric Depression Scale (Sheikh & Yesavage, 1986) ; CERAD ϭ Consortium to Establish a Registry for Alzheimer's Disease (Memory Clinic Basel, 1997) ; MMSE ϭ Mini-Mental State Exam (Folstein, Folstein, & McHugh, 1975 This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
correctly in the minimum number of moves within the time limit divided by the total number of 24 problems, yielding a percentage value of accuracy. Furthermore, initial thinking time (ITT; time from presentation of a problem to movement of the first ball) and movement execution time (MET; time from movement of the first ball to problem completion) were recorded for problems completed within the time limit and median-aggregated for each participant across correct and incorrect solutions. In supplementary analyses, the number of excessive moves (i.e., number of moves above the minimum number of moves) and the efficiency of problem solution (number of moves divided by minimum number of moves) for problems completed within the time limit were computed to explore effects on other measures of planning performance beyond accuracy (see the online supplementary materials). For all dependent measures, a RM ANOVA was performed using SPSS Version 20 with the within-subject factors search depth (SD; low vs. high demands on search depth) and goal ambiguity (GA; low vs. high ambiguity of goal hierarchy), and the between-subjects factor age group (Groups 1-5). Supplementary analyses also included the within-subject factor minimum number of moves (three, four, and five moves).
Results

Accuracy
On average, participants solved 64.15% (standard deviation, Ϯ14.21) of problems. The RM ANOVA on accuracy (percentage of problems solved correctly in the minimal number of moves) yielded a main effect for search depth, F SD (1, 101) ϭ 26.845, p Ͻ .001, partial 2 ϭ .210, and for goal ambiguity, F GA (1, 101) ϭ 66.692, p Ͻ .001, partial 2 ϭ .398. Participants solved more problems with a low than with a high search depth and also more problems with low than high ambiguity of goal hierarchy. As Figure 2 illustrates, there was also a significant effect for age group, F age (4, 101) ϭ 4.146, p ϭ .004, partial 2 ϭ .141. Tukey's honestly significant difference post hoc pairwise comparisons revealed that subjects in Group 5 solved significantly fewer problems overall than subjects of Groups 1 and 2 (ps ϭ .002 and .025, respectively; see also Figure 2 ).
Furthermore, there was a significant interaction between search depth and age group, F SD ‫ء‬ age (4, 101) ϭ 3.806, p ϭ .006, partial 2 ϭ .131. Post hoc Bonferroni-corrected pairwise comparisons of search depth levels for each age group revealed that accuracy for problems with a high search depth was significantly lower compared with problems with a low search depth for Age Groups 2 (p ϭ .002), 3 (p Ͻ .001), and 4 (p Ͻ .001; see Figure 3 , panel A). By contrast, no such difference in accuracy was evident for the youngest (Group 1; p ϭ .832) and oldest participants (Group 5; p ϭ .525; see Figure 3A ). Variance in accuracy for low and high levels of search depth was comparable across age groups (see standard error of means in Figure 3A ) and mean accuracy for high search depth ranged from 89.29% (Ϯ16.90) to 52.38% (Ϯ24.88) in Group 1 and from 76.19% (Ϯ23.02) to 36.90% (Ϯ24.52) in Group 5 across the minimum number of moves to solution (see Table  S02 , in the online supplementary materials). Thus, the lack of effect in Groups 1 and 5 was not attributable to a lack of searchdepth-related variance per se. It is important to note that there was no interaction between goal ambiguity and age group, F GA‫ء‬age (4,101) ϭ .834, p ϭ .506 (see Figure 3B) .
None of the remaining two-or three-way interactions reached significance. To preclude that results were influenced by agerelated differences in the number of time out trials (mean, 2.92 Ϯ 2.03 out of 24 trials), possibly reflecting gross differences in speed of processing, a unifactorial ANOVA on absolute number of time out trials with age group as independent measure was computed. However, age groups did not differ in the number of time out trials, F age (4, 101) ϭ 1.140, p ϭ .342; Group 1, mean 2.29 (Ϯ1.74); Group 2, mean 3.00 (Ϯ1.72); Group 3, mean 2.67 (Ϯ1.59); Group 4, mean 3.14 (Ϯ2.08); Group 5, mean 3.52 (Ϯ2.77). Furthermore, overall accuracy for all trials was highly correlated with accuracy for trials completed within the time limit (r ϭ .867, p Ͻ .001).
The results on an overall difference in accuracy between age groups and a differential age-related effect of search depth also held up when we took into account the effect of the minimum number of moves (see the online supplementary materials), which are known to also significantly affect planning accuracy (e.g., Berg et al., 2010; Kaller et al., 2012; Owen et al., 1990; Shallice, 1982) . Thus, the interaction of age groups with search depth, but not goal ambiguity, was independent of the minimum number of moves to solution, which is traditionally the standard used to define problem difficulty.
In further supplementary analyses, possible effects on other measures of planning performance-that is, on number of excessive moves and efficiency of problem solutions-were investigated (see the online supplementary materials). For both measures, a significant interaction between search depth and age groups emerged, again following a nonlinear pattern with Group 3 (69.15-72.16 years) being the most affected by variations in search depth (see Figure S01 , in the online supplementary materials). There This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
were no interactions between goal ambiguity and age group. In contrast to the main analysis of planning accuracy, however, age groups did not differ overall in number of excessive moves and efficiency of problem solutions. In sum, the differential age-related effect of search depth was consistently evident across several measures of planning accuracy, while the overall effect of age emerged solely for accuracy in terms of percentage of correct solutions (see the online supplementary materials for detailed information).
Initial Thinking Time and Movement Execution Time
Age-related effects on the latency of planning processes were investigated for initial thinking time (ITT) and movement execution time (MET) separately. Mean ITT was 8,840.12 ms (Ϯ2,863.09) overall; 5,907.27 ms (Ϯ1,738.60) for three-move problems; 6,900.21 ms (Ϯ2,483.64) for four-move problems; and 10,785.07 ms (Ϯ5,179.42) for five-move problems. Mean MET was 11,755.73 ms (Ϯ3,032.69) overall; 6,636.28 ms (Ϯ2,308.01) for three-move problems; 9,640.19 ms (Ϯ3,215.36) for four-move problems; and 14,383.77 ms (Ϯ5,529.34) for five-move problems.
The RM ANOVA on ITT with search depth and goal ambiguity as within-subject factors and age group as between-subjects factor revealed main effects for search depth, F SD (1, 101) ϭ 29.577, p Ͻ .001, partial 2 ϭ .227, and goal ambiguity, F GA (1, 101) ϭ 5.714, p ϭ .019, partial 2 ϭ .054, but no main effect for age group, F age (4, 101) ϭ 1.705, p ϭ .155. Also no interaction effects of search depth or goal hierarchy with age group emerged, F SD‫ء‬age (4, 101) ϭ .143 p ϭ .966; F GA‫ء‬age (4, 101) ϭ .264, p ϭ .901 (see Figures 4A and B) , only an interaction between the two within-subject factors, F SD‫ء‬GA (1, 101) ϭ 8.481, p ϭ .004, partial 2 ϭ .077. The RM ANOVA on MET with search depth and goal ambiguity as within-subject factors and age group as between-subjects factor revealed main effects for search depth, F SD (1, 101) ϭ 4.818, p ϭ .030, partial 2 ϭ .046, and goal ambiguity, F GA (1, 101) ϭ 7.787, p ϭ .006, partial 2 ϭ .072, as well as for age group, F age (4, 101) ϭ 3.806, p ϭ .006, partial 2 ϭ .131. Furthermore, there was a strong trend for an interaction between search depth and age group, F SD‫ء‬age (4, 101) ϭ 2.332, p ϭ .061, partial 2 ϭ .085 (see Figure 5A ), but not between goal ambiguity and age group, F GA‫ء‬age (4, 101) ϭ 1.009, p ϭ .407 (see Figure 5B ). Bonferronicorrected post hoc pairwise comparisons revealed significantly longer movement execution times in problems with high compared with problems with low levels of search depth for Age Group 3 (p ϭ .001), but none of the other groups (Group 4: p ϭ .088, all other ps Ͼ .600). All remaining interactions did not reach significance.
In sum, results on latency measures revealed that ITTs were unaffected by age and did not show any age-related differences in the impact of search depth and goal ambiguity. METs, by contrast, did show both an overall age effect and a strong trend for an interaction of age with search depth, but not with goal ambiguity, thus mirroring results on planning accuracy.
Discussion
Summary of Results
The objective in the present study was (a) to investigate the effect of normal aging on planning ability as measured with the Tower of London (TOL) and (b) to assess age-related differences in the impact of the structural problem parameters of search depth and goal hierarchy on planning performance. It was assumed that age-related differences in planning accuracy would be especially prominent for problems with greater search depths. In accordance with this assumption, besides an overall age-related decline in accuracy, a significant interaction be- Figure 3 . Search-depth-and goal-ambiguity-related effects on planning accuracy (percentage of problems solved correctly in the minimum number of moves) across age. (A) Accuracy for problems with low levels of search depth (low SD; black markers) and high levels of search depth (high SD; gray markers) across age. (B) Accuracy for problems with low levels of goal ambiguity (low GA; black markers) and high levels of goal ambiguity (high GA; gray markers) across age. Error bars indicate standard error of mean. Age groups are marked at their group-specific mean age. This document is copyrighted by the American Psychological Association or one of its allied publishers.
tween search depth and age groups was found: Whereas accuracy of solutions dropped significantly from low to high search depth of problems for the three intermediate age groups (spanning ages 65-76 years), performance of the first (60 -65 years) and fifth (76 years and older) age groups was unaffected by the manipulation of search depth ( Figure 3A ). This interaction effect also held when planning performance was evaluated in terms of the number of excessive moves and in terms of the efficiency of problem solutions, thus demonstrating the robustness of effects. Furthermore, the interaction between age groups and search depth was independent of problem difficulty as commonly defined by the minimum number of moves to solution. In contrast, the effect of goal hierarchy on planning accuracy was not moderated by participants' age ( Figure 3B ). Further analyses on the latency of planning processes revealed that ITTs were modulated neither by participants' age nor by its interaction with search depth ( Figure 4A ). In contrast, METs were significantly affected by participants' age, and an interaction between age groups and search depth, but not goal hierarchy, was evident, demonstrating a similarly nonlinear pattern as the search-depth specific effect on planning accuracy ( Figure 5A ). Present results hence revealed a specific planning Figure 4 . Search-depth-and goal-ambiguity-related effects on initial thinking time (ITT; time from presentation of a problem until movement of the first ball) across age. (A) ITT for problems with low levels of search depth (low SD; black markers) and high levels of search depth (high SD; gray markers) across age. (B) ITT for problems with low levels of goal ambiguity (low GA; black markers) and high levels of goal ambiguity (high GA; gray markers) across age. Error bars indicate standard error of mean. Age groups are marked at their group-specific mean age. Figure 5 . Search-depth-and goal-ambiguity-related effects on movement execution time (MET; time from movement of the first ball until problem solution) across age. (A) MET for problems with low levels of search depth (low SD; black markers) and high levels of search depth (high SD; gray markers) across age. (B) MET for problems with low levels of goal ambiguity (low GA; black markers) and high levels of goal ambiguity (high GA; gray markers) across age. Error bars indicate standard error of mean. Age groups are marked at their group-specific mean age. This document is copyrighted by the American Psychological Association or one of its allied publishers.
deficit in dealing with increased depth, but not breadth, of searching ahead in healthy older adults.
General Age-Related Effects on Planning Performance
Regarding nonspecific age-related differences in planning performance, the significant decline in overall accuracy with advancing age found here is in accordance with former studies that also found age-related effects on the number of TOL problems solved (De Luca et al., 2003; Phillips, Smith, & Gilhooly, 2002; Robbins et al., 1998; Zook et al., 2006 ; also see Allamanno et al., 1987; Andrés & van der Linden, 2000; Bugg et al., 2006 ). Yet, the present study is the first to demonstrate this age-related effect on planning accuracy in a sample restricted to older adults. Former studies yielded age-related differences by either comparing a group of older adults with a group of young adults (Andrés & van der Linden, 2000; Zook et al., 2006) or by testing a sample with a very wide age range spanning at least five decades (Allamanno et al., 1987; De Luca et al., 2003; Robbins et al., 1998) . In the present study, however, a significant decrease in planning accuracy on the TOL was found despite a more limited age range from 60 to 89 years, which made it more difficult to discover age-related differences than in previous studies.
Given that an effect of age was not evident for the number of excessive moves and the efficiency of problem solutions (cf. the online supplementary materials), accuracy in terms of the percentage of perfect solutions within the minimum number of moves seems to be especially sensitive in detecting age-related differences in planning performance. Despite the time limit of 1 min per trial imposed here (cf. Shallice, 1982) , age groups did not differ in the number of time out trials, so that results are not influenced by gross differences in processing speed, which is well known to deteriorate with age and to contribute to executive processes (Salthouse, 1996 (Salthouse, , 2000 . Present results hence indicate that overall changes in planning abilities associated with normal aging are profound enough to be differentiated even between various stages of older age. However, differing from previous studies (Andrés & van der Linden, 2000; Phillips, Smith, & Gilhooly, 2002; Robbins et al., 1998) , here, increasing age was not associated with longer preplanning times. Given that the current study employed the original TOL, which imposes a time limit of 1 min per problem (Shallice, 1982) , whereas previous studies did not (Andrés & van der Linden, 2000; Robbins et al., 1998 ), significant differences in preplanning times across older age might only manifest when subjects are not restricted in the time spent on mentally trying to solve a problem.
By contrast, age-related effects emerged here in the time needed for execution of problem solutions. Although movement execution time is influenced by basic processing and motor speed (cf. Berg & Byrd, 2002) , it also reflects concurrent planning, that is, planning online during problem solution that helps to reduce working memory load (Davies, 2003 (Davies, , 2005 . Thus, the age-related increase in problem execution times but not in preplanning times might, besides a general slowing in speed of processing with advancing age, reflect a stronger engagement in concurrent planning with older age due to limited working memory capacities. Yet, any inferences on the cognitive processes underlying preplanning and movement execution times remain speculative without further investigation of, for instance, eye movement patterns during these phases (e.g., Hodgson, Bajwa, Owen, & Kennard, 2000; Kaller, Rahm, Bolkenius, & Unterrainer, 2009; Nitschke, Ruh, Kappler, Stahl, & Kaller, 2012) .
Specific Age-Related Effects of the Depth of Search on Planning Performance
Most important, the present study is the first to demonstrate that the process of normal aging is specifically associated with an impaired ability to deal with increased demands on deeper anticipatory search during planning, while an increased breadth of search does not invoke age-related differences in planning performance. This selective search-depth-related deficit is consistently evident across several measures of planning performance (cf. the online supplementary materials) and further impacts on the time needed for execution and online planning of problem solution. Similarly, Gilhooly, Phillips, Wynn, Logie, and Della Sala (1999) recorded oral protocols of younger and older subjects engaged in solving the TOL and showed that older subjects' mental search demonstrated significantly reduced plan depths (i.e., reduced length of considered move sequences), while no differences emerged in the breadth of search. However, no age-related differences in planning accuracy were found (Gilhooly et al., 1999) , whereas here it was possible to delineate search-depth-related differences in accuracy even between several stages of older age.
Present results are also in line with recent evidence indicating that planning impairments related to the breadth of search are specifically associated with PD pathology (McKinlay et al., 2008) , while impairments induced by increased depth of search are associated with lower dementia screening ratings in both PD patients and controls (Köstering et al., 2012) . Hence, a specifically impaired depth of search during planning possibly marks subclinical antecedents of the conversion from normal to dementing courses of aging (cf. Petersen, 2007) . Current findings furthermore accord well with studies on the development of planning processes in children that showed the ability to generate intermediate moves and to deal with greater search depth of problems to emerge during the first decade of life Spitz et al., 1982) . It is important to note that no age-related effect for goal hierarchy was found here, which mirrors planning performance of preschool children who do not differ in their ability to deal with goal hierarchies of varying ambiguity . Thus, complementary to the search-depth-specific development in planning abilities during childhood, results of the present sample indicate a selective deterioration of in-depth, but not in-breadth, search processes during planning over the course of normal aging.
These findings raise the question of which basic cognitive processes account for this specific age-related deficit. As higher search depths require a goal move to be held in mind during in-depth search for the intermediate moves that will allow it to be accomplished, demands on maintenance processes in working memory are also increased (Spitz et al., 1982 ; see also Gilhooly et al., 1999) . Older adults' performance on disc-transfer tasks is known to draw heavily on working memory functions Hull, Martin, Beier, Lane, & Hamilton, 2008; Phillips, Gilhooly, Logie, Della Sala, & Wynn, 2003) , and advancing age is well-known to reduce working memory capacity (e.g., Bopp & This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. Verhaeghen, 2005; Norman, Kemper, & Kynette, 1992; Zeintl & Kliegel, 2007) . Thus, it is conceivable that age-related differences in working memory capacity specifically contribute to differences in dealing with greater search depth of problems (cf. Gilhooly et al., 1999) . By contrast, ambiguous goal hierarchies do not tax the stability of information maintained in working memory equally strongly, but rather demand a flexible processing of information so as to deliberate several alternative move sequences. In close relation to this fact, it recently has been shown that age-related decrements in mental set shifting do not result from the switching between different tasks itself. Rather, aging impedes maintaining the competing tasks sets in working memory (Kray & Lindenberger, 2000; Reimers & Maylor, 2005; Wasylyshyn, Verhaeghen, & Sliwinski, 2011) , which is suggested to tap into cognitive stability (Cools, 2006) . Generating alternative goalmove sequences and selecting from among them the most appropriate one is more akin to the actual set shifting, demanding cognitive flexibility, than to the stable maintenance of tasks sets. Therefore, the lack of age-related effects on dealing with ambiguous goal hierarchies concurs well with these recent findings on task-switching in older adults (Kray & Lindenberger, 2000; Reimers & Maylor, 2005; Wasylyshyn et al., 2011) .
The assumption that working memory maintenance processes are particularly taxed by greater search depths is further supported by a search-depth-specific age-related effect of similar pattern in movement execution times, but not preplanning times. That is, whereas greater search depths had a comparable effect on initial thinking times across all age groups, it affected movement execution times specifically at an intermediate-old age. This might indicate a corresponding shift from initial to concurrent planning due to increased working memory demands induced by greater search depth of problems (cf. Davies, 2003 Davies, , 2005 . However, one should bear in mind that this explanation cannot account for the lack of a search depth effect in the oldest group, which should have the lowest working memory capacity. Thus, age-related differences in working memory processes can clearly not be the sole contributor to the search-depth-specific deficit found here.
In this regard, fluid intelligence has been previously found to be the best predictor of TOL performance of older adults, even exceeding the predictive power of chronological age , which concurs with its contribution to TOL performance of younger adults Zook, Davalos, DeLosh, & Davis, 2004) . Older adults are also specifically impaired at relational integration in fluid reasoning tasks that demand that information from several relations or dimensions be integrated for problem solution (Viskontas, Holyoak, & Knowlton, 2005; Viskontas, Morrison, Holyoak, Hummel, & Knowlton, 2004) . Similarly, TOL problems with greater search depths require increased integration of information. That is, for greater search depths, several interdependencies between different moves have to be identified and integrated so as to avoid suboptimal intermediate moves leading to obstructions of goal moves further along the solution path (cf. Figure 1) . Thus, differential decrements in fluid abilities and associated relational integration might be another cognitive process contributing to age-related differences in searchdepth-specific planning ability. Given that fluid abilities critically rely on working memory capacity for maintenance of relational information (Viskontas et al., 2004 (Viskontas et al., , 2005 , these two processes have possibly interacted with each other in contributing to the nonlinear trajectory of search-depth deficits across older age.
That is, at a young-old age, working memory capacity and fluid abilities are presumably relatively spared and allow for compensation of increased demands on the depth of search processes at least in terms of solution accuracy and movement execution times, solely affecting preplanning times. Conversely, at an advanced old age from the end of the eighth decade on, for which planning accuracy was lowest overall, general age-related deterioration of planning abilities and working memory capacity are present to a much greater extent. Thus, maintenance of relational information on move interdependencies might be generally impaired and insensitive to further specific demands on integration of relational information imposed by higher search depths, so that accuracy of problem solutions as well as movement execution times are not affected any further (cf. Figure 3A) .
By contrast, at an intermediate-old age, working memory capacity and planning abilities are not as extensively impaired as in advanced-old age. Therefore, under low demands on in-depth look-ahead processes, planning accuracy is maintained at ageappropriate levels. Increased demands on the depth of search processes and relational integration of relevant information cannot be compensated, however, due to age-related deterioration of underlying cognitive processes. Thus, high search-depth levels unfold to have an especially detrimental impact on performance.
Yet, from the evidence presented here, it cannot be concluded if working memory capacity and fluid abilities are indeed underlying the search-depth effect. Age-related slowing of processing speed might also have differentially contributed to planning performance in subjects of young-, intermediate-, and advanced-old age. Moreover, it remains to be validated whether there really is no searchdepth-specific effect on planning accuracy in adults ages 76 and older. Here, this pattern was present across several measures of planning performance, and it was not attributable to a lack of search-depth-related variance per se. Still, it cannot be ruled out that only uncommonly healthy advanced-old adults were inadvertently included in the study, which required sustained attention for neuropsychological testing, thereby obscuring a search-depth effect in the oldest age group. Clearly, further investigations of planning abilities and underlying basic cognitive processes as well as of their developmental trajectories with increasing age are warranted so as to unravel the uncommon nonlinear pattern of specific age-related changes found here.
Conclusion
The results of the present study considerably extend the understanding of the development of planning abilities in normal aging. It was demonstrated that normal aging is associated with deficits in the depth, but not the breadth, of mental search processes during planning. That is, cognitive processes related to the depth of planning ahead and to maintenance and integration of interdependent information are particularly affected by different stages of normal aging. In contrast, flexible processing of planning-relevant information seems to be age-insensitive. Thus, planning abilities, which are prototypical of cognitive functions reliant on the prefrontal cortex of the brain, are not only sensitive to increasing age in general, as posited by the frontal hypothesis of aging, but also to specific cognitive demands. Future studies with healthy older This document is copyrighted by the American Psychological Association or one of its allied publishers.
adults should attempt to delineate the basic cognitive processes and neural underpinnings of these differential deficits in specific cognitive demands during planning so as to provide full understanding of their development in normal aging.
